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We present the design of a photon-photon collider based on conventional Compton gamma sources
for the observation of secondary γγ production. Two symmetric electron beams, generated by
photocathodes and accelerated in linacs, produce two primary gamma rays through Compton back
scattering with two high energy lasers. Tuning the system energy to the energy of the photon-
photon cross section maximum, a ﬂux of secondary gamma photons is generated. The process is
analyzed by start-to-end simulations from the photocathodes to the propagation of the QED photons
towards the detector. The new Monte Carlo code 'Rate Of Scattering Events' (ROSE) has been
developed ad hoc for the counting of the QED events. Realistic numbers of the secondary gamma
yield, referring to existing or approved set-ups and a discussion of the feasibility of the experiment
are presented.
I. INTRODUCTION
The recent development of high-energy, large-brilliance
photon and electron beams opens the way to the study
of QED collisions or decays that are so far unobserved or
detected only in an indirect way.
One of the most elusive processes foreseen by QED is
the light to light scattering (γγ → γγ) [1] that, implied
by the Dirac's theory of the electrons and studied since
the early thirties, has never been observed so far, except
as radiative correction to other processes. In particular,
all the experimental attempts performed with photons
with energies from fraction of eV to few keV, that, due
to the exceedingly low values of the interaction cross sec-
tion at these energies, constituted really demanding ex-
perimental challenges, have not shown excess of events
above background in this range of parameters [29]. The
development of radiation sources in the range of hard
X and gamma wavelengths gives the perspective to reach
and explore the cross section peak at about 1-2 MeV [10
13]. A promising method for generating QED secondary
γ beams is based on two symmetric electron beams, gen-
erated by photocathodes and accelerated in linacs, that
produce two primary gamma rays through the Compton
back-scattering with two high energy lasers [14]. The
two primary gamma pulses encounter and scatter. Tun-
ing the gamma energies to the energy of the maximum of
the photon-photon cross section, an amount of secondary
gamma photons can be generated.
In this paper, we ﬁrst present the development of a
new Monte Carlo numerical code, named ROSE (Rate Of
Scattering Events), for the dimensioning of a γγ collider
based on conventional Compton gamma sources. The
design of the source and the evaluation of the rate of
QED events are then presented.
II. ARCHITECTURE OF THE CODE ROSE
The kinematics of the γγ collision is usually analyzed
in the center of mass reference frame (CM) where, assign-
ing the invariant mass
√
s =
√
2(E1E2 − p1 · p2) (E1, E2
being the energies of two primary photons with momenta,
in natural units, respectively p
1
and p
2
in the laboratory),
the product particles acquire the energies:
ECM3,4 =
√
s
2
(1)
whereas the momenta pCM
3
= −pCM
4
, equal in modulus,
have angles θCM3 = pi − θCM4 and ϕCM3 = pi + ϕCM4 .
Customary Monte Carlo strategies for solving the
problem rely on the random sampling of the angles ϕCM4
and θCM4 , followed by the rejection test weighted by the
diﬀerential cross section dσ/dΩ.
The last step is the return to the laboratory system by
inverse Lorentz transformation:
E3,4 = γCM(E
CM
3,4 + βCM · pCM3,4 ) (2)
p
3,4
= pCM
3,4
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(β
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3,4
)β
CM
+γCME
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3,4 βCM (3)
where γCM = (E1 +E2)/
√
s and β
CM
= (p
1
+ p
2
)/(E1 +
E2). Our project is aimed at the analysis of the scatter-
ing involving two realistic relativistic beams of gamma
photons.
The code ROSE (Rate Of Scattering Events) has
been ﬁrst constructed and implemented for studying the
photon-photon scattering and then applied also to other
particle collisions and decays, as Breit-Wheeler, Triplet
Pair Production (TPP), Compton scattering. Its main
peculiarity is that it treats the scattering between two
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Figure 1: Snapshots of the dynamics (top view) in the case
N1,2 = 30000, I = 21
3.
relativistic and realistic beams, following their time evo-
lution in the laboratory frame. All the code entries have
been set in a general way in order to treat particles with
or without mass.
In the case of γγ scattering, starting from two col-
liding beams of photons (say beams 1 and 2) deﬁned
through the phase spaces of an appropriate number N1,2
of macroparticles of weight respectively q1,2, the proce-
dure entails the deﬁnition of a ﬁx common space grid
where the kinematics takes place. The tracking of both
beams during their overlapping up to the end of the scat-
tering process permits to dimension the total space win-
dow that must contain both beams in all the interaction
time. The initial time t0 is the instant when the ﬁrst
collisions occur, the temporal evolution being discretized
over a total of NT steps. In Fig. 1, few snapshots of the
dynamics are shown.
At a certain time t, each i-th (i = 1, I) cell contains
N1i(t) and N2i(t) primary particles, forming Nc,i(t) =
N1iN2i couples. The local and instantaneous luminosity
is given by:
Li(t) = q1N1iq2N2i
∆xi∆yi
(4)
where ∆xi and ∆yi are the transverse dimensions of the
cell. For each input couple, once that the output angles
are randomly sampled in the center of mass reference
frame, energies and momenta of the generated pair are
evaluated, followed by a Monte Carlo procedure for ac-
cepting or rejecting the event on the basis of the value of
the diﬀerential cross section dσ/dΩ of the process. This
last function is given in terms of s and of the angle be-
tween p
1
and p
4
in the CM frame. In the code, further-
more, the cross section can be assigned either analytically
or by points, depending on the calculation time consume.
Typical values of the parameters of the calculation are
N1,2 = 30000, I = 100
3, NT = 50.
The successive return of the couple of particles gen-
erated in the collision to the laboratory system is ruled
by the inverse Lorentz transformations (3) and (4). The
phase space of the particles provides the angular and en-
ergy distributions of the oﬀspring. The code, then, cal-
culates the diﬀerential rate of events for cell and time
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Figure 2: Semipolarized (linear polarization) and unpolarized
total cross section of γγ scattering as a function of center of
mass energy.
interval:
dNi(t)
dΩ
=
dσ
dΩ
Li(t) (5)
and, summing up on cells and time, the total angular
distribution and, ﬁnally, the total number of events.
III. PHOTON-PHOTON SCATTERING
EVALUATION
The study of the photon-photon scattering was the
starting point of our project. The code ROSE, initiated
for this speciﬁc purpose, was then generalized in order to
apply it to a large class of phenomena in particle colli-
sions and decays.
For the γγ scattering, the total cross section in the
center of mass has been evaluated, for polarized or unpo-
larized photons, on the basis of the formulation of Ref.
[15, 16] and few particular cases relevant to diﬀerent com-
binations of the polarizations of the input photons are
shown in Fig. 2.
The unpolarized diﬀerential cross sections dσ/dΩ for
γγ collisions, evaluated as a function of ECM =
√
s
and of the angle θCM between the photons 1 and 3,
is instead presented in Fig. 3. Since the calculation
of dσ/dΩ is time consuming, the γγ diﬀerential cross-
section was given in the code by points on a grid in the
plane (ECM , cos(θCM)) and, then, interpolated for the co-
ordinates of each event.
The primary gamma rays has been produced via
Compton back-scattering between an electron beam gen-
erated and accelerated in a photocathode [17] and a high
energy laser [18, 19]. The tracking of the electron beam
has been done with the code ASTRA [20], while the
Compton interaction was performed with CAIN [21]. Fig.
4 shows the electron dynamics from the cathode to the
interaction point. The focusing stage, that has been re-
alized with three high gradient quadrupoles, is presented
in the inner window. Typical values of the electron beam
parameters at the interaction point are: charge 250 pC,
3ECM(MeV) cos(θ)
dσ
/dΩ
(μb
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)
Figure 3: Diﬀerential cross section in the plane
(ECM , cos θCM)
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Figure 4: Electron beam line.
electron energy 250 MeV, transverse dimensions σx ≈ 2.6
µm and σy ≈ 3.2µm, normalized transverse emittances
εn,x ≈ 0.79 mm mrad and εn,y ≈ 2.12 mm mrad and
energy spread 0.7×10−4. The colliding laser, with wave-
length of 1 µm, has energy of 1 J and waist of about 10
µm. The spectrum of the 1.5 109 emitted photons, with
energy less than 1 MeV, is shown in Fig. 5 before and
after a slight collimation that reduces the totale ﬂux by
about one third of the total one, cutting the less ener-
getic part of the radiation. The two symmetric Compton
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Figure 5: Photon spectra. (a) Total spectrum. (b) Spectrum
after a collimation.
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Figure 6: Center of mass energy dispersion.
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Figure 7: γγ event rate
gamma beams collide in an interaction point placed at a
distance L from each Compton IP. The interaction region
has transverse extension depending on the distance and
on the divergence of the photons, that scales as the in-
verse of the electron Lorentz factor γe. The two primary
gamma beams have been divided in cells whose dynamics
has been followed in time. Due to the broad spectrum of
the gamma rays, collisions are in general not symmetric,
and a dispersion of the energy in the center of mass Ecm
takes place, as shown in Fig. 6, where the distribution of
Ecm for all the collisions is presented. The center of mass
Lorentz factor γc, in principle, ranges therefore between
1 and γe.
However, due to the Compton energy-angle correla-
tion, photons encounter preferably other photons with
similar energy, the number of asymmetric collisions is
therefore quite contained and the center of mass Lorentz
factor γc varies between 1 and 1.5.
The propagation of the gamma beams across the γγ
interaction point, the broadness of the spectrum and the
asymmetry of the collisions have been taken into account
in the evaluation of the number of events of secondary
gamma production. The most energetic particles are
ejected along the axis of the system, but a considerable
amount of photon moves perpendicularly. Collecting all
data, the total amount of QED events evaluated per sin-
gle shot and as a function of the distance L between the
Compton and γγ interaction points is shown in Fig. 7.
4With a repetition rate of 100 Hz, one event per hour is
achieved for L between 1 and 2 mm. Tripling the dis-
tance (L = 4 mm) would mean passing to a generation
rate in defect of one event each ten hours. The optimum
work interval is therefore quite below this value.
Conclusions
The gamma gamma production is not the only event
taking place. Other concomitant processes occur: the
Breit-Wheeler pair production (γγ → e+e−) [22], the
triplet pair production (TPP) (γe− → e+e−e−) [23], this
last occurring as a consequence of the collisions between
the primary electrons and gammas, the Mφller scatter-
ing (e−e− → e−e−) [24]. As regards the Breit-Wheeler
scattering, this process is one of the manifestations of the
mass-energy equivalence and it has never been detected
due to the diﬃculty in preparing colliding gamma ray
beams, although the more complex multiphoton Breit-
Wheeler has been ﬁrst observed almost twenty years ago.
Strategies for avoiding or containing the background ﬂux
on the detector could involve the use of electric or mag-
netic ﬁelds for deﬂecting the secondary charged particles
beams or, in the case TPP and Mφller scattering, the de-
velopment of a geometry which foresees that the primary
beams do not cross each other. This can be achieved by
driving the electron beams along slightly curved paths,
balancing the advantage of diminishing the background
from TPP and Mφller scattering, with the decrease of
ﬂux due to side Compton interaction.
[1] O. Halpern, Phys. Rev. 44, 855 (1933).
[2] E. Iacopini and E. Zavattini, Phys. Lett. 85B, 151 (1979).
[3] E. Iacopini, B. Smith, G. Stefanini, and E. Zavattini,
Nuovo Cimento 61B, 21 (1981).
[4] F. Moulin, D. Bernard, and F. Amiranoﬀ, Z. Phys. C 72,
607 (1996).
[5] M. Marklund and J. Lundin, Eur. Phys. J. D 55, 319
(2009).
[6] F. Della Valle, A. Ejlli, U. Gastaldi, G. Messineo, E.
Milotti, R. Pengo, G. Ruoso, G. Zavattini, Eur. Phys. J.
C 76, 24 (2016).
[7] A. Cadene et al., Eur. Phys. J. D 68, (2014).
[8] W. Becker, J. K. McIver, and R. R. Schlicher, Phys. Rev.
A 38, 4891 (1988).
[9] W. Becker, J. K. McIver, and R. R. Schlicher, J. Opt.
Soc. Am. B 6, 1083 (1989).
[10] P. Chen et al., NIM A397, 458 (1997).
[11] E. Milotti et al., Int. J. of Quantum Information 10,
1241002 (2012).
[12] A. Torre et al., Journal of the Optical Society of America
B 30, 2906 (2013).
[13] K. Homma, K. Matsuura, and K. Nakajima, Prog. Theor.
Exp. Phys. 013C01 (2016).
[14] D. Micieli et al. submitted to PRAB.
[15] B. De Tollis: Il Nuovo Cimento Series 10, 757 (1964).
[16] B. De Tollis: Il Nuovo Cimento 35 , 1182 (1965).
[17] A. Bacci et al., J. Appl. Phys. 113, 194508 (2013).
[18] V. Petrillo et al., Nuclear Instruments and Methods in
Physics Research A 693,109 (2012).
[19] V. Petrillo at al., Physical Review Special Topics-
Accelerator and Beams 18, 110701 (2015).
[20] Floetmann, Astra, /http://desy.de/mpyo/Astra_ doku-
mentation/.
[21] K. Yokoya, /http://www-acc-
theory.kek.jp/members/cainS/ (1985).
[22] G. Breit and J. A. Wheeler, Phys. Rev., 46, 1087 (1934).
[23] V. Votruba, Phys. Rev. 73, 1468 (1948).
[24] Ross Corliss, 'Moeller rate measurements', this confer-
ence.
